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Abstract
Currently, bioaccessibility testing at contaminated sites is dominated by techniques designed to assess oral bioaccessibility to humans. Determining the plant bioaccessibility of toxic trace elements is also important. In mining landscapes, sulphides are an important source of potentially toxic elements. Simple tests to evaluate readily leachable metals and metalloids exist but do not extract elements temporarily constrained within the sulphide fraction. Sequential extractions describe the association of trace elements with different geochemical fractions but are time consuming, costly and provide excessive detail. 
This paper proposes a new test for plant bioaccessibility in sulphidic mine wastes and soils that uses hydrogen peroxide to simulate environmental oxidation. The bioaccessible fraction determined is operationally defined and does not predict actual plant uptake. The test targets a) the portion of an element that is currently available in the pore-water for uptake by plant roots and also b) the fraction that is temporarily constrained in sulphide minerals but may become available upon oxidation of the substrate. A case study was conducted at a historic mine waste repository site in Cornwall, U.K where  near-total As concentrations were extremely elevated and Cd, Cu, Pb, Sb and Zn were also high. Our test determined that bioaccessible concentrations of As, Cd, Cu and Zn and to a lesser extent Sb and Pb were highest in samples of pyritic grey tailings. This is attributed to sulphide mineral oxidation and, particularly for Cd and Zn, the dissolution of soluble secondary minerals. High As concentrations in the marbled tailings were not bioaccessible. 
Results from the case study show that this new test provides useful information on the future bioaccessibility of contaminants, allowing for classification of mineralised sulphidic waste materials which otherwise cannot be obtained using established geochemical and mineralogical techniques. Furthermore, the test is rapid, repeatable and cost effective. 
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1. Introduction
Information on contaminant bioaccessibility is recognised as an important decision-support tool for contaminated land assessment (Latawiec et al., 2010; Semple et al., 2004, Nathanail, 2005, Nathanail and Smith, 2007). The use of bioaccessibility tests in such assessments is currently dominated by procedures designed to predict human exposure to contaminants (e.g. Wragg and Cave, 2003). The transfer of potentially toxic elements from substrate to plant biomass can represent an important step in the transfer of potentially toxic trace elements from their original geosphere rock source to biosphere receptors (Kabata-Pendias, 2011). Furthermore, if phytotoxic elements in a substrate are both elevated and bioaccessible to plants, contaminated site rehabilitation by re-vegetation may be delayed. An understanding of the plant bioaccessibility of potentially toxic trace metals and metalloids is therefore important, particularly in mining landscapes when metals released in acid rock drainage (ARD) can cause environmental management problems beyond the operational life of a mine (Alvarez-Valero et al., 2009, Amos et al., 2015). A test allowing the prediction of the current and future bioavailability to plants of such elements at an early stage of mine development will allow better waste classification and management, improving mine closure and rehabilitation outcomes. 
The definition of the term “bioaccessible” used in this work was proposed by Semple et al. (2004) for soils and sediments. It encompasses both a) contaminants that are available now following release from labile or reversible pools, to cross an organism’s cellular membrane (bioavailable), and b) contaminants that may become bioavailable over a period of time. A plant bioaccessible substance is therefore one that is present in soil solution and freely available to plants and/or temporarily physically or chemically constrained for example in minerals that can become oxidised with time. When present, sulphides play an important role as a source of potentially toxic trace elements and as a bioaccessibility control since potentially deleterious metals and metalloids present in the sulphidic fraction of a mine soil or waste may be released into pore water following sulphide oxidation (Parbhakar-Fox and Lottermoser, 2015). Thus, contaminants not initially available for uptake by plant roots become so following exposure of the substrate to oxidising conditions. Upon oxidation, potentially toxic trace elements previously adsorbed onto mineral surfaces or associated with the sulphides are released (e.g. Amos et al, 2015, Jennings et al. 2000).
Sulphide oxidation is influenced by mineralogical properties including elemental composition, particle size, porosity surface area, crystallography and trace element content as well as by external chemical, physical and biological properties. Poorly crystalline pyrite with structural defects and/or trace element substitution, particularly with As, can reduce resistance to oxidation whilst the presence of other sulphides can galvanically protect pyrite and delay oxidation (Lottermoser, 2010). Considering this, the trace element composition and mineralogy of sulphidic materials are usually determined at mine sites to allow waste classification (e.g. Parbhakar-Fox and Lottermoser, 2015, Smart et al., 2002). However, established tests do not give information on the bioaccessibility of the potentially toxic trace elements that may develop as waste materials undergo oxidation. 
Techniques to investigate potentially toxic trace element mobility in mine wastes have evolved from methods to predict metal deficiency or toxicity in agriculture and environmental chemistry (Houba et al., 1996, Rauret et al., 1999, Tessier et al, 1979). Some simple tests extract leachable metals in mine wastes (e.g. Al-Abed et al., 2006, Hageman, et al. 2000), whilst more involved procedures use a number of increasingly aggressive extraction steps to define the toxic element association with different geochemical fractions in the sample (e.g. Al-Abed et al., 2006, Dold, 2003). The bioaccessibility of metals in soils and sediments to plants has also been described using single extraction techniques with gentle extraction reagents such as neutral salts (e.g. Antosiewicz et al., 2008, Houba et al., 2000), weak acids (e.g. Antosiewicz et al., 2008) or chelating agents (e.g. Quevauviller et al., 1997). Strong chelating agents such as EDTA have been found to overestimate the amount of immediately available metals (Archer and Caldwell, 2004). 
The simple plant bioaccessibility and leachate tests do not accelerate oxidation of the sample, whilst sequential extraction techniques are time consuming and therefore costly to perform. Moreover, the extensive characterisation of the association of toxic metals with the different geochemical phases is un-necessary for fresh sulphidic mine wastes when the main source of toxic trace elements is the oxidisable sulphide fraction (Pérez-López et al., 2007; Lottermoser, 2010). To date no simple technique has been proposed to target trace elements associated with the sulphidic fraction of a sample, thus predicting release of the associated toxic trace elements that will occur over time in an oxidising environment. 
This work presents a novel test to establish the operationally defined bioaccessibility of trace metals and metalloids in sulphidic mine wastes (e.g. waste rock, tailings). The test oxidises the substrate using 30 % hydrogen peroxide solution and subsequently mobilises and extracts the released metals and metalloids using a 1M ammonium acetate solution. It combines aspects of a NAG (net acid generating) test (Smart et al., 2002) and the oxidising step of the BCR® sequential extraction scheme (Rauret et al., 1999), and is designed to use reagents and equipment commonly available at mine site laboratories. A case study is presented that uses the test to characterise the bioaccessibility of metals and metalloids in four different types of material sampled from a historic tailings storage facility in Cornwall. The new test will provide an indication of the relative concentration of toxic trace elements that will be released into soil pore water after oxidation and hence become accessible for uptake by plants. However, it cannot predict the uptake of the elements by plants; instead this depends on a range of biological, geochemical and environmental parameters (Kabata-Pendias, 2011). In addition to its application for sulphidic wastes and soils, our new bioaccessibility test has the potential to predict the behaviour of future waste materials through analysis of drill core samples. Thus, materials collected from zones designated as waste in a mine block model can be tested early in mine site development, enabling better planning and establishment of waste management facilities. 
2. Materials and methods
2.1 Study site
The Wheal Maid study site is located in the Gwennap Mining District which forms part of the UNESCO world heritage designated Cornwall and West Devon Mining Landscape (WHC, 2014). It lies approximately 10 km northwest of Falmouth with its centre at 50°14'14.61"N 5° 9'37.85"W. The local temperate oceanic climate has average annual temperatures of 11-12 ⁰C and rainfall totals of 900-1000 mm with rare but heavy rainfall events (Met Office, 2015). This area is one of the most intensely mined in the Cornish tin province and there are numerous old workings in the vicinity (Kettaneh and Badham, 1978), the last mine in the county ceased operations in 1998. Mineralisation in this area is largely hosted by a series of metamorphosed sedimentary rocks of Upper Devonian age known locally as “Killas” (Kettaneh and Badham, 1978). The main lodes tend to be parallel to sub parallel and trend E-W through to ENE-WSW containing As, Cu, Fe, Sn, Ti, Zn and lesser Ag, Au, Bi, Pb, and Sb and W (Bowell et al., 2013). Mines in the area produced tin, copper and zinc concentrates (Kettaneh and Badham, 1978). 
Today, the Wheal Maid site is a valley infill tailings repository with an area of approximately 0.08 km2 comprising two lagoons that contain approximately 220,000 m3 of fine grained mineral processing waste (tailings), discharged between 1976 and 1981 from Mount Wellington Mine (CDC, 2008, Freeborn, 2006, Kettaneh and Badham, 1978). A variety of vegetation partially covers the upper lagoon due to remedial seeding of the area to prevent wind-blown dust; heather (Calluna vulgaris) and gorse (Ulex europaeus) have begun to colonise the mine waste used to construct the lagoons, but the grey and marbled tailings of the lower lagoon remain un-vegetated. These two plants have both been shown to be pioneering metallophytes that have the ability to exclude metals and As from their above-ground biomass (Lottermoser et al., 2011).
A footpath on the western boundary and a section of mineral tramway footpath running along the southern boundary allow public access to the site which is popular with walkers, mountain bikers and horse-riders. The culverted St Day stream and a branch of the County Adit run beneath the site and leaching from the contaminated material through the lower dam and the culvert walls pollutes the stream with metals, metalloids and acidic water (). A record of determination of the Wheal Maid tailings lagoons as contaminated land was made by Carrick District Council in 2008 due to the risk of significant harm to young children using the site and the pollution of controlled water through leaching of potentially toxic metals and metalloids (As, Cd, Cr, Cu, Fe, Ni, Pb and Zn) (CDC, 2008). The schedule of determination identifies four main soil types at the site which are described in Table 1. The high near-total As and Zn concentrations and acidic pH measurements for the Wheal Maid site determined in this study were similar to those previously reported globally for pyritic mine wastes (Anju and Banerjee, 2010, Pérez-López et al., 2008, Salvarredy-Aranguren et al., 2008). This confirms the site provides appropriate case-study samples for our new plant bioaccessibility test for sulphidic wastes and soils.
2.2 Sampling and sample preparation
Field work was performed in June 2014. Surface grab samples (n=10/11) of approximately 500 g of the four substrate types (Table 1) were taken randomly from the top 0-1 cm surface around the dry areas of the upper and lower tailings lagoons. The samples were oven dried for 48 hours at 40 ⁰C, sieved to < 2 mm and split to give two representative sub-samples. One sample split was pulverised to 85 % passing < 75 µm using a “ring and puck” style low chrome steel grinding mill at ALS global laboratories (Loughrea, Ireland). The second split was retained as unground sample. 
2.3 Mineralogical and geochemical analysis
2.3.1 Mineralogy 
Unground samples were finely milled in a tungsten carbide ring mill for 1 minute and ground by hand in an agate pestle and mortar prior to XRD analysis. The tailings samples were analysed at the Centre for Ore Deposits and Exploration Studies (CODES), University of Tasmania using a Bruker D2 Phaser X-ray diffractometer. This instrument is fitted with a Co X-ray source (λ= 1.79026 Å), a 1 mm fixed divergence slit and a Bruker Lynxeye™ detector fitted with a 2.5° soller slit and a 0.5 mm Fe-filter. Each sample was analysed using a scan range from 4 to 90° 2θ with a 0.02° 2θ step size and an analysis time of 1 second per step. Phase identification was carried out using Bruker EVA software paired with the ICDD PDF-2 2012 release mineral phase database. Rietveld refinement using Bruker TOPAS software and ICDD PDF-2 mineral structures provided semi-quantitative quantification results for mineral phases in each sample.
X-ray modal analysis (XMOD) were performed on grain mount samples (63-125 µm) for the all GT (n= 10) and the majority of MT samples (n =10) using an FEI Quanta 600 SEM-MLA instrument (equipped with 2 EDAX ultra-thin window Si (Li) energy dispersive X-ray detectors) at the Central Science Laboratory (CSL), University of Tasmania. The input parameters used were: frames, 300; particles, 20,000; time, 60 minutes; with the BSE standard set to nickel. On average, data acquisition took approximately 40 minutes or less per grain mount. As each XMOD frame was analysed, a corresponding BSE image was also collected. X-ray spectra were saved for off-line classification. Data processing first included classification of X-ray spectra against a site-specific mineral library (using MLA software). Once classified, individual XMOD and BSE frames were stitched together to create two congruent whole grain mount images. Finally, both image files were saved in the .bmp format and imported into GIMP software, where they were overlain for image analyses.
Four samples (i.e., one from each material type: WM5- MW; WM 14-GC; WM 27- GT; WM40- MT) were selected for detailed textural and mineralogical analyses both pre- and post- bioaccessibility testing. Grain mount samples were analysed at the CSL, University of Tasmania, using a Hitachi SU-70 field-emission scanning electron microscope (FE-SEM) fitted with a 5-segment solid state BSE detector and an Oxford Instruments Aztec EDS system equipped with an X-max 80 SDD EDS detector. Samples were carbon coated prior to analysis using a 17 kV operating voltage for imaging and in situ semi-quantitative chemical analysis using energy dispersive X-ray spectroscopy spectrometry (EDS) and X-ray chemical mapping
2.3.2 Laboratory and field pH measurement
Laboratory pH analysis undertaken on the samples included paste pH and multi-addition (mNAG) pH. The paste pH was determined on 10 g of the < 2 mm fraction suspended with 0.01 M CaCl2 in a 1:1 solid to solution ratio at 25 ⁰C for 1 hour. The (mNAG) pH was determined after the stepwise addition of H2O2 in three increments of 100 ml, 100 ml and 50 ml to a pulverised sample (<75 µm). Field pH measurements were taken from the standing water both on the granular capping in the upper lagoon (UL) and on the tailings in the lower lagoon (LL).
2.3.3 Geochemistry
The near-total concentration of trace elements in the samples (dried at 40 ⁰C, <2 mm) was determined by ALS Loughrea laboratories. An aliquot (0.25 g) of the pulverised sample was digested with perchloric, nitric, hydrofluoric and hydrochloric acid. The residue was topped up with dilute hydrochloric acid and analysed by inductively coupled plasma atomic emission spectrometry. Analyses included replicate (n=5) analysis of the NIST 2710a Montana soil I standard reference material. The relative standard deviations of the elemental analyses for this sample were < 5 % and recoveries were in the range 90-110 %.
2.4 New test for plant bioaccessibility
The aim of the new test was to oxidise sulphide minerals within the sample substrate and solubilise the potentially deleterious metals and metalloids released following this oxidation. The rationale for the test was to first use hydrogen peroxide (30 %, acid stabilised) to repeatedly oxidise an aliquot of the sample followed by 1M ammonium acetate solution to solubilise the elements released during the oxidation step. Repeating the oxidation step three times to ensure elements associated with the easily oxidised sulphide minerals were released emulated the well-established protocol of the NAG test (Smart et al., 2002). Extracting with ammonium acetate emulated the methodology of a step from the commonly used BCR sequential extraction scheme (Rauret et al., 1999; Pérez-López et al., 2007). 
In the test to determine the potentially bioaccessible elements, samples (dried at 40 ⁰C, <2 mm) were first homogenised by hand turning for 5 minutes. A 1 g aliquot was accurately (to 3 decimal places) weighed into a 250 ml conical beaker. Ten millilitres of 30 % H2O2 at 5 ⁰C was added to the conical beaker in a fume hood at room temperature. This reagent was used as received, i.e. acid stabilised. The beakers were left for 1 hour or until effervescence ceased, and next were placed in a water bath set at maximum temperature (ca. 98 ⁰C) in a fume hood and heated until the volume reduced to < 3 ml. After a return to room temperature the cycle of adding H2O2, reacting, evaporating and cooling was twice repeated with a final reduction in sample volume to < 1 ml. Ammonium acetate solution (50 ml 1 M NH4C2H3O2) stabilised to pH 2 with concentrated nitric acid was added to the cool, moist residue in the conical beakers. The beakers were covered with parafilm® and shaken immediately and for 16 hours (overnight) on an orbital shaker. Solid and liquid phases were separated by centrifuge (2700 g for 20 minutes) and the resulting liquor was analysed by inductively coupled plasma atomic emission spectrometry. The final elemental analysis was undertaken by ALS Loughrea laboratories. Four residue samples were retained for examination using FE-SEM (as described in Section 2.3.1).




Major (> ca. 10 %) minerals constituting the granular capping (GC) and mine waste (MW) used to construct the lagoons are quartz, muscovite, tourmaline (schorl), nacrite and minor (< ca. 10 %) albite and clinochlore. Major minerals in the GT are quartz, muscovite, tourmaline (schorl) and pyrite (FeS2) and minor minerals are albite and nacrite. A white mineral presumed to be a secondary precipitate on the surface of the GT was identified as rozenite; a hydrated iron sulphate (M2+SO4.4H2O, where M=Co, Cd, Fe, Mg, Mn, Ni, Zn) produced by alteration of pyrite. Major minerals in the MT are quartz, tourmaline (schorl), albite and muscovite, nacrite is a minor mineral as are clinochlore and pyrite; both present at approximately 1 %. Specific arsenic bearing minerals were not identified in the XRD analysis. 
The presence of pyrite, a major mineral in the grey tailings (GT) samples and a minor mineral in the marbled tailings (MT) samples, indicates that poor-quality drainage may be generated on oxidation, characterised by acidic pH and high concentrations of sulphate and iron (Amos et al., 2014). Any trace elements associated with pyrite are likely to become mobile on oxidation and accessible to plants, and so would be detected by the bioaccessibility test. Rozenite is a soluble efflorescent sulphate salt that can incorporate metals such as Co, Cu and Zn into solid solution (Hammarstrom et al., 2005). Trace elements associated with rozenite will become bioaccessible to plants during a rainfall event since this mineral is readily soluble, and should also be detected by our bioaccessibility test.
3.1.3 Automated Mineralogy 
The automated mineralogy results for the GT and MT samples are summarised in Table 2 and detailed in Table 6 of the supplementary materials. The GT samples are much higher in pyrite than the MT samples. Sphalerite ((Zn,Fe)S) and chalcopyrite (CuFeS2) were also identified in several GT samples. Sample GT29 had a greater ferro-saponite ((1/2Ca,Na)0.8,Fe6,[Si7.2, Al0.7O20](OH)4.nH2O; 11.1 %) and chaidamuite (ZnFe3+(SO4)2(OH).4H2O; 9.8 %) content compared to others of this sample type, and was also the only sample in which rozenite was identified by XRD. In general, chaidamuite was higher in the GT than the MT samples whilst chamosite (Fe102+ Al2)(Si6Al2O20)(OH)16), ferro-sapponite and Fe-OH-As were higher in the MT than GT samples. In the MT some very high Fe-OH-As contents (11.7 to 53.4 wt. %) were recorded in MT37 to 41. The Fe-OH-As in the marbled tailings correlates positively (n=10, r=0.88) with the total As concentration in the samples. 
3.1.2 Field emission scanning electron microscopy
Field emission scanning electron microscopy was used to examine the untested parent material and the residue after testing one sample from each sample type (MW5, GC14, GT27 and MT40). In the MW sample three sulphide grains of 25-50 µm diameter were detected in the parent material but only silicates and iron oxides were observed in the residue. Element mapping of the three sulphide grains showed that As was associated with pyrite in only one of the grains. Apart from this single grain, in the parent MW sample As was associated with Fe O and Al. In the parent GC sample single grains of iron sulphate, cassiterite and wolframite and many grains of iron oxide were detected, however sulphide particles were not detected. In residue GC sample a pyrite grain with trace As and Pb associations and a secondary iron oxide particle with As associations were observed. 
Many pyrite grains were observed in the parent GT sample, but in general As appeared to be below the detection limit of the instrument. However, two very small (ca. 5 µm) bright areas on As element maps indicated its association with pyrite This contrasts with the residue GT27 sample where As distribution is more heterogeneous and primarily associated with secondary phases comprising Al, O, Fe and Si. SEM images for the high pyrite parent GT sample (GT27) show that both serrated and non-serrated grains of pyrite are present in the sample prior to testing (Figure 1). This indicates that before testing oxidation of some, but not all, of the pyrite has occurred in the surficial tailings environment. These two pyrite textures were also observed in the oxidised post-testing residue. In general, those grains which were likely already serrated appeared relatively more corroded. The presence of the euhedral grains after testing shows that even in the very strong oxidising conditions of the new plant bioaccessibility test, some pyrite grains remain resistant to oxidation. 
In the parent MT sample sulphide grains were detected, but As was principally associated with Al, O, Fe and Si. In the residue MT sample sulphide grains were harder to find, however, sulphates were present. The association between As and Al, Fe, O and Si supports the siting of As in iron oxyhydroxides, as indicated by the automated mineralogical analysis, but also suggests that As is sorbed onto an aluminosilicate. This is in agreement with previous findings that in fully oxidised tailings arsenic is sorbed on ferric oxyhydroxides and aluminosilicates (likely clays; Foster et al., 1998). Ferro-saponite (as identified by MLA) is the most probable aluminosilicate for As sorption, because of its cation exchange properties and ability to uptake molecules between its structural layers (Deer et al., 1992). 
3.2 Geochemical characterisation
Results presented in Table 3 show major (>1 wt. %) median concentrations of Al, Fe and S. The marbled tailings had major (>1 wt. %) and the other samples had minor (0.1 to 1 wt. %) median concentrations of As. The samples had sub-minor (100 to 1000 ppm) median concentrations of Ca, Cu, Pb, and Zn, apart from in the grey tailings where the median concentration of Zn was minor. The samples had trace (<100 ppm) median concentrations of Cd and Sb. 
The multi-addition m-NAG test (Smart et al., 2002) predicted that the GT (median mNAG pH 1.9 (n=10)) samples and also the MT (median mNAG pH 2.61 (n=11)) samples will continue to produce acidity over time. Interestingly, the median paste pH was lower for the MT (pH 2.43) than the GT (pH 2.73) samples and indicated that more acidity was available for immediate release by the MT than the GT, possibly due to a “first-flush” effect since rainfall was low in the two week period preceding sampling (www.metoffice.gov.uk). The lower lagoon field pH of 2.49 reflected the CaCl2 pH for the adjacent MT sample type. Likewise, the field pH measurements from the upper lagoon (pH 3.93 and 4.71) reflected the CaCl2 pH of 4.45 for the adjacent GC sample type.
Correlation coefficients (n=10 or 11) were calculated for the log 10 normalised element abundance data for the four sample types (Table 5). Trends in the major element composition and mineralogy reflect the source material the different sample matrices. The major elements Al and Ca were highest in the MW and GC, whilst Fe and S were elevated in the GT and MT samples, S was particularly high in the GT samples. MW and GC are predominantly formed from the non-mineralised host rock including sediments (dominantly shales) and granites intruded with the associated tin and copper mineralisation (Camm and Hedley, 2005). The MT and GT comprise weathered and pyritic tailings respectively as outlined in Section 3.1.3.
The trace element concentrations in the samples are compared with their average crustal abundances (Kabata-Pendias, 2011) in Table 3. Maximum concentrations in the samples exceeded average crustal abundance by one (Pb), two (Cu and Cd), three (Zn and Sb) and four (As) orders of magnitude. MT samples were particularly elevated in As, GT samples had the highest concentrations of Zn and Cd and Cu was slightly elevated in the GC and GT samples. Correlation coefficients are consistent with iron oxyhydroxides and Cu/Zn/Cd sulphates in the GC. The GT has correlation coefficients consistent with pyrite and in the samples with elevated Zn correlation coefficients indicate iron sulphide with Zn and Cd. The MT correlations indicate arsenopyrite, high As pyrite or an iron sulphide with arsenic. 
3.3 Plant bioaccessible element characterisation
Summary statistics for the concentrations of plant bioaccessible As, Cd, Cu, Pb, Sb and Zn determined by the new test are presented in Table 4 show for the four material types sampled at Wheal Maid case study site. Results for the individual samples are given in Table 7 of the supplementary materials. Table 5 gives r values for the correlation between log near-total and log bioaccessible concentrations by sample type. In many cases (As, Cd, Cu, Pb and Zn in the GT, Cu and Zn in the GC and Cu in the MW) the log 10 bioaccessible concentration correlates well (r>0.9) with the log 10 near-total value. However the correlation for all elements in the MT sample type is poor, particularly for As and Pb, indicating that the elements in this sample are not being released as easily into solution by oxidation and solubilisation induced by the plant bioaccessibility test. The bioaccessibility test results for individual elements are discussed further in section 4.2 below. 
4. Discussion
4.1 Bioaccessibility of environmentally significant elements
The determination of the metals and metalloids associated with this oxidisable fraction is essential to evaluate plant bioaccessibility in sulphidic samples. Currently, this has only been reported using sequential extraction schemes (Ure et al., 1993, Tessier et al., 1979, Dold, 2003) which provide important information on the siting of contaminants within different geochemical fractions. These are time consuming and therefore costly to perform. Moreover, they provide excessive information on benign geochemical fractions in site-specific contaminated land assessments where sulphide oxidation has been identified as a major source of metal and metalloid contamination. The new bioaccessibility test presented in this work is designed to address these shortcomings. The Wheal Maid historic mine waste facility was selected as a case study site for the test due to the reported presence of elevated toxic trace elements (CDC, 2008) and its mining history (Kettaneh and Badham, 1977, CDC, 2008). Sulphide minerals (pyrite, high iron sphalerite and chalcopyrite) and high As concentrations identified in samples taken from the site (see Section 3) confirmed it is an appropriate case study site. 
4.1.1 Arsenic
The bioaccessibility test showed that whilst the MT contained the highest concentrations of near-total As, the GT posed the greatest risk with respect to future bioaccessibility of As in an oxidising environment. The median concentration of bioaccessible As was 1290 ppm (61 % of the near total As) compared to only 188 ppm (1 % of near total As) in the MT. The GC material, which has a similar range of near total As concentrations to the GT has a much lower median concentration of bioaccessible As of 41 ppm (2 % of near total As). The MW had both a low near-total range of As concentrations and a low median concentration of bioaccessible As of 11.5 ppm (2 % of near total As). 
Results from the mineralogical analyses (see Section 3.1) indicate the iron oxyhydroxide phase (Fe-OH-As) and ferro-sapponite as the major site of As in the MT samples. These results are in agreement with previous authors (e.g. Craw and Bowell, 2014; Salvarredy-Aranguren et al., 2008) who identify sorption of As onto iron oxyhydroxides as an important As sink. The dissolution of iron oxyhydroxides can occur at pH <2 (Romero et al., 2006), with the release of associated trace elements into the aquatic environment. This was not observed in the MT samples; most of the As (98 %) was shown by our test to remain in the non-bioaccessible form. The absence of detectable arsenopyrite in the case study samples is noteworthy in this high arsenic environment. Preferential oxidation of arsenopyrite, reported historically in locally mined lodes (Kettaneh and Badham, 1978), seems to have occurred. The iron oxyhydroxides are the only phase observed in association with As, confirming its role as an arsenic sink (cf. Salvarredy-Aranguren et al., 2008).
In the GT samples, pyrite is the likely source of bioaccessible As. Our test showed that whilst MT contained the highest concentrations of As, it is the GT which pose the greatest risk with respect to the future bioaccessibility of As in an oxidising environment. 
4.1.2 Zinc 
The bioaccessibility test shows that the median concentration of bioaccessible Zn is high in the GT at 3195 ppm (57 % of near-total Zn) compared with the other sample types (MW 26 ppm (13 % of near-total Zn), GC 22 ppm (7 % of near-total Zn) and MT 114 ppm (50 % of near-total Zn). However, the standard deviation of the bioaccessible concentrations for Zn is also high in the GT which may be explained by the presence of the highly soluble secondary efflorescent mineral rozenite (see Section 3.1) in some samples. The sample where a content of 58% rozenite was determined using XRD also had the highest near total concentrations of Cd (72.1 ppm) and Zn (5.7 %), and underwent the most efficient extraction by the bioaccessibility test (84 % of Cd and 94 % of near total Zn). Although these secondary efflorescent minerals are generally a feature of exposed weathered sulphidic waste and unlikely to be present in the early mine-site samples for which the test is designed, elements associated with these phases are bioaccessible and their determination in a test for current and future bioaccessibility is appropriate. Sphalerite identified in the GT samples is a potential source of bioaccessible Zn. This mineral is acid generating and susceptible to simulated weathering (Jennings et al., 2000). The strong Zn/Cd/Fe/S association in the high Zn GT samples supports the siting of Zn and Cd in these sulphide and sulphate minerals. The lower concentrations of Zn the MT may be due to the high solubility of these elements in acidic solutions preventing their adsorption onto Fe-oxyhydroxides (Salvarredy-Ananguren et al, 2008).
4.1.3 Cadmium
Many samples were below the limit of detection for Cd for the bioaccessibility test, particularly in the MW, GC and MT sample sets. Seven of the 10 GT samples had detectable concentration of bioaccessible Cd and the median concentration of bioaccessible Cd was 7.3 ppm. Although at much lower concentration, Cd exhibits a similar trend in bioaccessibility to Zn. This is to be expected as Cd and Zn are frequently found together and their geochemistry is closely associated. They have similar ionic structures, electronegativities and are strongly chalcophile (Alloway, 1995) and Cd would be expected as a trace element in sphalerite (Wedepohl, 1995) and rozenite which can include Zn (Salvarredy-Aranguren et al., 2008).
4.1.4 Copper
The bioaccessibility test showed that median concentrations of bioaccessible Cu in the GC of 281 ppm (38 % of near total Cu) and in the GT of 240 ppm (55 % of near total Cu) were similar. These were higher than the median bioaccessible concentrations of Cu in the MW of 110 ppm (35 % of near total Cu) and the MT of 54 ppm (46 % of near total Cu). The source of Cu in the GT is likely chalcopyrite as identified in these samples (See section 3.1). The bioaccessibility test detects Cu associated with sulphides, but also with organic matter which may be responsible for some of the Cu bioaccessibility detected in the GC material. Cu associated with organic matter is likely in the GC samples as this sampling area at the case study site is beginning to undergo re-vegetation with grass and other pioneer species. 
The generally high bioaccessible Cu as a percentage of near total Cu indicates that Cu in the samples was mobile, or became so after oxidation. This agrees with the findings of Al-Abed et al. (2006) that Cu exists predominantly in water soluble or sulphidic phases. Differentiation between trace elements associated with sulphides and those associated with organic matter is difficult. Dold (2003) proposes a seven step sequential extraction for geochemical studies in a copper sulphide mine waste which includes two steps for the extraction of sulphides. The first step (35 % H2O2, 1h, heat) is intended to extract organic matter and secondary Cu-sulphides and the second step (KClO3, HCl, HNO3, boil) to extract primary sulphides. Whilst they assert that the first leach is selective to these minerals they also concede that it may also partially dissolve less stable pyrite varieties (Dold, 2003, Dold and Fontboté, 2001). Furthermore, Jennings et al. (2000) found that the sulphide minerals arsenopyrite, pyrite, chalcopyrite, pyrrhotite, marcasite and sphalerite release acid on oxidation with 10 % H2O2 in an ice bath at 0 ⁰C indicating at least partial oxidation of the primary sulphides under much less aggressive conditions than used in our bioaccessibility test. The differentiation between metals extracted by organic matter and sulphides in this bioaccessibility test is unnecessary since it is intended for early mine life-stage mineralised waste rock and tailings samples in which organic matter is extremely unlikely to be present.
4.1.5 Lead 
The bioaccessibility test showed that Pb was most bioaccessible in the GT with a median bioaccessible concentration of 23 ppm (8 % of near total Pb) for these samples. However, the results are very variable with a high standard deviation indicating heterogeneity in the mineralogical siting for Pb in this sample type. No obvious mineralogical source is identified by the mineralogical analysis.
4.2 Application of bioaccessibility tests in environmental risk assessments
Much work has been done to develop tests to clarify the exposure risk to humans and the use of data from physiologically based bioaccessibility tests (PBETs) in risk assessments for human health exposure is becoming routine (Kim et al., 2009, Nathanail, 2005, Nathanail and Smith, 2007, Richardson et al., 2006). Meanwhile, various soil extractions focus on an estimation of the immediately accessible “phytoavailable” fraction (e.g. Antosiewicz et al., 2008, Houba et al., 1996). Whilst there has been an attempt to mimic acidic mine sites environments (Hageman et al., 2000), these phytoavailability tests do not determine metals and metalloids within the oxidisable sulphide minerals. Knowledge and understanding of bioaccessibility at a contaminated site can be used to avoid expensive and unnecessary remediation measures. This knowledge and understanding employed during an environmental risk assessment for a waste management facility at a mine site can allow better waste classification and targeted management strategies to protect the environment and reduce cost. A consideration of the geochemistry and mineralogy of the samples at the historic Wheal Maid mine waste repository would suggest the most extreme pollution risk is presented by the high As concentrations associated with Fe-oxyhydroxides and clay material in the marbled tailings. However, the simple bioaccessibility test proposed in this paper identifies the grey tailings as the material posing the greatest risk in terms of the future plant bioaccessibility of As, Zn and Cd to plants. This knowledge would suggest that the application of a soil capping layer and the exclusion of water and oxygen from the samples would be the best way to manage samples of this type.
Sulphide oxidation is influenced by mineralogical properties controlled by the sample and external properties controlled by the environment. During the bioaccessibility test the external properties are controlled by the test conditions, however the mineralogical properties of the sample will have influenced a) the rate of oxidation and b) the type of elements released during the oxidation induced by the test. In the samples examined in this case study, some oxidation of pyrite grains is evident by their serrated edges, this is to be expected at a historic mine waste repository site. The application of this test to drill core samples at an early stage of mine development would provide information on the behaviour of fresh sulphide waste which could inform decisions on the management strategy for the mine improving mine site closure and rehabilitation outcomes. 
5. Conclusions
There is currently a lack of targeted extraction tests to evaluate the plant bioaccessibility of metals and metalloids present in sulphidic mine wastes. This work proposes a methodology for such a test and presents data from a case study at the historic Wheal Maid mine waste repository site in Cornwall, UK. The technique proposed first oxidises a sample using hydrogen peroxide solution, and then extracts soluble and solubilised metals and metalloids using ammonium acetate solution. The results of the case study show that pyritic grey tailing samples present an elevated risk for the plant bioaccessibility of Cd, Cu, Pb, Zn and particularly As when compared to three other sample types. For As the plant bioaccessibility is partly due to its release on oxidation from pyrite. For Cd, Cu, Pb and Zn there is some release following the oxidation of sulphide minerals, particularly chalcopyrite and sphalerite. In the grey tailings, an additional source of the bioaccessible forms of Cd and Zn was considered to be the soluble secondary sulphate mineral rozenite. An additional source of Cu was suspected to be organic matter associated with site re-vegetation. High concentrations of arsenic in the oxidised marbled tailing samples were not found to be plant bioaccessible due to their immobilisation with iron oxyhydroxides and ferro-saponite phases in the these samples. 
The bioaccessibility test presented in this paper is a useful addition to the suite of established predictive environmental tests (e.g., static, kinetic) as it provides additional information on the temporally constrained metal and metalloid contaminants present in the sulphidic fraction of a mineralised waste rock or tailings sample within a time frame useful for mine site managers. The bioaccessibility test does not allow a detailed understanding of the geochemical fractionation of the trace elements; this would require a more comprehensive sequential extraction technique (e.g. Anju and Bannerjee, 2010, Dold, 2003, Salvarredy-Aaranguren et al., 2008). Neither does the bioaccessibility test determine the mineralogical and textural characteristics of the samples which would require analysis using XRD, automated mineralogy and/or SEM techniques. The bioaccessibility test offers a rapid, cost effective and reliable technique to determine the operationally defined potentially plant bioaccessible fraction of a mineralised sulphidic waste sample. As such this technique can provide useful information that is easy to obtain at an early stage of mine development to aid in appropriate waste categorisation and management strategies. 
Acknowledgements
The authors would like to acknowledge the support of CRC ORE through the Environmental Indicators project 1B.  The Australian Government CRC programme supports industry led end-user driven research collaborations to address the major challenges facing Australia.  CRC ORE is focused on Optimising Resource Extraction.  Analytical facilities at CODES (ARC Centre of Excellence in Ore Deposits) were used for some XRD measurements. Analytical facilities at the ESI (Environment and Sustainability Institute) and CSM (Camborne School of Mines), University of Exeter were used for sample processing and preparation. 
References
Al-Abed, S.R., Hageman, P.L., Jegadeesan, G., Madhaven, N., Allen, D. (2006) Comparative evaluation of short term leach tests for heavy metal release from mineral processing waste, Science of the total environment, 364, 14-23.
Alloway, B.J. (1995). Heavy metals in soils. Second Edition. Springer-science and Business Madia, B.V..
Álvarez-Valero, A. M., Sáez, R., Pérez-López, R., Delgado, J., & Nieto, J. M. (2009). Evaluation of heavy metal bio-availability from Almagrera pyrite-rich tailings dam (Iberian Pyrite Belt, SW Spain) based on a sequential extraction procedure. Journal of Geochemical Exploration, 102(2), 87-94.
Amos, R. T., Blowes, D. W., Bailey, B. L., Sego, D. C., Smith, L., & Ritchie, A. I. M. (2015). Waste-rock hydrogeology and geochemistry. Applied Geochemistry, 57, 140-156.
Anju, M., & Banerjee, D. K. (2010). Comparison of two sequential extraction procedures for heavy metal partitioning in mine tailings. Chemosphere, 78(11), 1393-1402.
Antosiewicz, D. M., Escudĕ-Duran, C., Wierzbowska, E., & Skłodowska, A. (2008). Indigenous plant species with the potential for the phytoremediation of arsenic and metals contaminated soil. Water, air, and soil pollution, 193(1-4), 197-210.
Archer, M. J. G., & Caldwell, R. A. (2004). Response of six Australian plant species to heavy metal contamination at an abandoned mine site. Water, air, and soil pollution, 157(1-4), 257-267.
Bowell, R. J., Rees, S. B., Barnes, A., Prestia, A., Warrender, R., & Dey, B. M. (2013). Geochemical assessment of arsenic toxicity in mine site along the proposed Mineral Tramway Project, Camborne, Cornwall. Geochemistry: Exploration, Environment, Analysis, 13(2), 145-157. 
Camm, S. and Hedley, P. (2005). CSM Virtual Museum. http://projects.exeter.ac.uk/geomincentre (​http:​/​​/​projects.exeter.ac.uk​/​geomincentre​)
CDC (2008). Record of determination of Wheal Maid tailings lagoon, Gwennap, Cornwall as contaminated land, Carrick District Council.
Craw, D. and Bowell, R.J. (2014) The characterization of arsenic in mine waste. Reviews in mineralogy and geochemistry volume 79(1), 473-505. 
Deer WA, Howie RA, Zussman J. (1992) An introduction to the rock-forming minerals. China: Pearson Education Ltd.
Dold, B., (2003). Speciation of the most soluble phases in a sequential extraction procedure adapted for geochemical studies of copper sulfide mine waste. J. Geochem. Explor. 80, 55–68.
Dold, B., & Fontboté, L. (2001). Element cycling and secondary mineralogy in porphyry copper tailings as a function of climate, primary mineralogy, and mineral processing. Journal of Geochemical Exploration, 74(1), 3-55.
Foster, A. L., Brown Jr, G. E., Tingle, T. N., & Parks, G. A. (1998). Quantitative arsenic speciation in mine tailings using X-ray absorption spectroscopy. American Mineralogist, 83(5), 553-568.
Freeborn R. (2006) History of Mount Wellington mine. http://www.mountwellington.co.uk/ (​http:​/​​/​www.mountwellington.co.uk​/​​)
Hageman, P.L., Briggs, P.H., Desborough, G.A., Lamothe, P.J., Theodorakos, P.J., (2000) Synthetic Precipitation Leaching Procedure (SPLP) Leachate chemistry data for solid mine-waste composite samples from Southwestern New Mexico, and Leadville, Colorado. U.S. Department of Interior USGS, Denver, CO, 22 pp.
Hammarstrom, J. M., Seal, R. R., Meier, A. L., & Kornfeld, J. M. (2005). Secondary sulfate minerals associated with acid drainage in the eastern US: recycling of metals and acidity in surficial environments. Chemical Geology, 215(1), 407-431.
Houba, V. J. G., Lexmond, T. M., Novozamsky, I., & Van der Lee, J. J. (1996). State of the art and future developments in soil analysis for bioavailability assessment. Science of the Total Environment, 178(1), 21-28. 
Houba, V. J. G., Temminghoff, E. J. M., Gaikhorst, G. A., & Van Vark, W. (2000). Soil analysis procedures using 0.01 M calcium chloride as extraction reagent. Communications in Soil Science & Plant Analysis, 31(9-10), 1299-1396. 
Jennings, S. R., Dollhopf, D. J., & Inskeep, W. P. (2000). Acid production from sulfide minerals using hydrogen peroxide weathering. Applied Geochemistry, 15(2), 235-243.
Kabata Pendias (2011) Trace elements in soils and plants, fourth edition, CRC Press, Taylor Francis Group, Boca Raton. ISBN 978-1-4200-9368-1.
Kettaneh, Y. A., & Badham, J. P. N. (1978). Mineralization and paragenesis at the Mount Wellington Mine, Cornwall. Economic Geology, 73(4), 486-495. 
Kim, K. R., Owens, G., & Naidu, R. (2009). Heavy metal distribution, bioaccessibility, and phytoavailability in long-term contaminated soils from Lake Macquarie, Australia. Soil Research, 47(2), 166-176.
Latawiec, A. E., Simmons, P., & Reid, B. J. (2010). Decision-makers' perspectives on the use of bioaccessibility for risk-based regulation of contaminated land. Environment international, 36(4), 383-389.
Lottermoser, B. G. (2010). Sulfidic mine wastes (pp. 43-115). Springer Berlin Heidelberg.
Lottermoser, Bernd G., Hylke J. Glass, and Christopher N. Page. Sustainable natural remediation of abandoned tailings by metal-excluding heather (Calluna vulgaris) and gorse (Ulex europaeus), Carnon Valley, Cornwall, UK. Ecological Engineering 37.8 (2011): 1249-1253.
Met Office (2015) South West England: climate. http://www.metoffice.gov.uk/climate/uk/regional-climates/sw.
Nathanail, C. P. (2005). Generic and site‐specific criteria in assessment of human health risk from contaminated soil. Soil Use and Management, 21(s2), 500-507.
Nathanail, C. P., & Smith, R. (2007). Incorporating bioaccessibility in detailed quantitative human health risk assessments. Journal of Environmental Science and Health Part A, 42(9), 1193-1202.
Parbhakar-Fox, A., & Lottermoser, B. G. (2015). A critical review of acid rock drainage prediction methods and practices. Minerals Engineering. http://dx.doi.org/10.1016/j.mineng.2015.03.015.
Pérez-López, R., Álvarez-Valero, A. M., Nieto, J. M., Sáez, R., & Matos, J. X. (2008). Use of sequential extraction procedure for assessing the environmental impact at regional scale of the São Domingos Mine (Iberian Pyrite Belt). Applied Geochemistry, 23(12), 3452-3463.
Pérez-López, R., Nieto, J. M., & de Almodóvar, G. R. (2007). Utilization of fly ash to improve the quality of the acid mine drainage generated by oxidation of a sulphide-rich mining waste: column experiments. Chemosphere, 67(8), 1637-1646.
Quevauviller, P., Rauret, G., Rubio, R., López-Sánchez, J. F., Ure, A., Bacon, J., & Muntau, H. (1997). Certified reference materials for the quality control of EDTA-and acetic acid-extractable contents of trace elements in sewage sludge amended soils (CRMs 483 and 484). Fresenius' journal of analytical chemistry, 357(6), 611-618.
Rauret, G., Lopez-Sanchez, J. F., Sahuquillo, A., Rubio, R., Davidson, C., Ure, A., & Quevauviller, P. (1999). Improvement of the BCR three step sequential extraction procedure prior to the certification of new sediment and soil reference materials. Journal of Environmental Monitoring, 1(1), 57-61. 
Richardson, G. M., Bright, D. A., & Dodd, M. (2006). Do current standards of practice in Canada measure what is relevant to human exposure at contaminated sites? II: oral bioaccessibility of contaminants in soil. Human and Ecological Risk Assessment, 12(3), 606-616.
Romero, A., González, I., & Galán, E. (2006). Estimation of potential pollution of waste mining dumps at Pena del Hierro (Pyrite Belt, SW Spain) as a base for future mitigation actions. Applied Geochemistry, 21(7), 1093-1108.
Salvarredy-Aranguren, M. M., Probst, A., Roulet, M., & Isaure, M. P. (2008). Contamination of surface waters by mining wastes in the Milluni Valley (Cordillera Real, Bolivia): Mineralogical and hydrological influences. Applied Geochemistry, 23(5), 1299-1324.
Semple, K. T., Doick, K. J., Jones, K. C., Burauel, P., Craven, A., & Harms, H. (2004). Peer reviewed: defining bioavailability and bioaccessibility of contaminated soil and sediment is complicated. Environmental Science & Technology, 38(12), 228A-231A.
Smart, R., Skinner, W. M., Levay, G., Gerson, A. R., Thomas, J. E., Sobieraj, H., Schumann, R., Weisener, C., Weber, P., Miller, S. & Stewart, W. A. (2002). ARD test handbook: Project P387, A prediction and kinetic control of acid mine drainage. AMIRA, International Ltd, Ian Wark Research Institute, Melbourne, Australia.
Tessier, A., Campbell, P. G., & Bisson, M. (1979). Sequential extraction procedure for the speciation of particulate trace metals. Analytical chemistry, 51(7), 844-851.
Ure, A.M., Quevauviller, P., Muntau, H., & Griepink, B., Speciation of heavy metals in soils and sediments. An account of the improvement and harmonization of extraction techniques undertaken under the auspices of the BCR of the Commission of the European Communities. International journal of environmental analytical chemistry, 51(1-4), 1993, 135-151.
Wedepohl, K. H. (1995). The composition of the continental crust. Geochimica et cosmochimica Acta, 59(7), 1217-1232.
WHC (2014) Decisions adopted by the World Heritage Committee at its 38th session, United Nations Educational, Scientific and Cultural Organisation, Convention concerning the protection of the world cultural and natural heritage, 15-25 June 2014, Doha, Qatar, WHC-14/38.COM/16.




Table 1	Sample type and descriptions
Sample Type	Sample Codes	Number of grab samples	Description
Mine waste (MW)	WM 1-10	10	Mine waste used around the perimeter of the lagoons for dam construction
Granular capping (GC)	WM 11-20	10	Material used to cover tailings in the upper lagoon. Vegetation is established in some places.
Grey tailings (GT)	WM 21-30	10	Fine grained material with visible pyrite crystals located at the south western half of the lower lagoon.





Table 2	Automated mineralogy results of marbled and grey tailings. 









































Table 3 Element chemistry of mine waste (MW), granular capping (GC), grey tailings (GT) and marble tailings (MT), n=10. Elemental concentrations are given as dry weight.






























































































Table 5 Correlation coefficients (r) for the log 10 near-total and log 10 bioaccessibility concentrations for each sample type. 
















Figure 1. SEM images for an untested GT sample (A) and the corresponding residue sample after bioaccessibility testing (B). A1) Euhedral and serrated pyrite grains before testing A2) The serrated grain of pyrite (long edge ca. 75µm) before testing, B1) Serrated and euhedral grains of pyrite after testing B2) The euhedral grain of pyrite (long edge ca. 80 µm) after testing. Py=pyrite.
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